To develop a better understanding of respiration by sulfate-reducing bacteria, we examined transcriptional control of respiratory genes during growth with lactate or hydrogen as an electron donor. RNA extracts of Desulfovibrio desulfuricans subsp. aestuarii were analyzed by using random arbitrarily primed PCR. RNA was reverse transcribed under low-stringency conditions with a set of random primers, and candidate cDNAs were cloned, sequenced, and characterized by BLAST analysis. Putative differentially expressed transcripts were confirmed by Northern blot analysis. Interestingly, dissimilatory bisulfite reductase was upregulated in the presence of hydrogen. To link these transcriptional changes to the physiology of sulfate-reducing bacteria, sulfide was measured during growth of several strains of Desulfovibrio on hydrogen or lactate, and this revealed that hydrogen-grown cells produced more sulfide per unit of cell mass than lactate-grown cells. Transcription of other redox proteins was characterized by Northern blotting to determine whether or not they were also transcribed to higher levels in hydrogen-grown cells. Growth on lactate produced greater transcription of [NiFe] hydrogenase. H 2 -grown cells transcribed the adenylylsulfate reductase b subunit and HmcA to higher levels. The results we describe here provide new insight into the continuing debate over how Desulfovibrio species utilize redox components to generate membrane potential and to channel electrons to sulfate, the final electron acceptor.
Sulfate-reducing bacteria (SRB) are a diverse group of microorganisms found in a variety of anaerobic environments, and all members possess the ability to use sulfate as a terminal electron acceptor. SRB can use a variety of organic electron donors, including hydrogen, lactate, formate, malate, fumarate, pyruvate, alcohols, and even environmental contaminants (13) . While progress has been made in understanding the biochemistry of proteins involved in respiratory processes, to date little is known about how such proteins are utilized by the SRB to gain energy for cell growth.
For years, a debate over the mechanism by which lactate is oxidized in SRB has existed. In 1981, Odom and Peck proposed the hydrogen-cycling model for growth on lactate (12) . In this model, electrons from lactate are used by a cytoplasmic hydrogenase to generate hydrogen that can diffuse out across the cell membrane to be utilized by periplasmic dehydrogenases. Membrane potential is generated as protons remain in the periplasm while electrons are transferred across the cell membrane to reduce sulfate. When only hydrogen is utilized as an electron donor, it is likely oxidized in the periplasm by hydrogenases, but it may use different electron carriers in the reduction of sulfate than electrons generated during lactate oxidation.
We know that lactate dehydrogenase, pyruvate-ferredoxin oxidoreductase, phosphotransacetylase, and acetate kinase convert lactate to acetate and that ATP sulfurylase, pyrophosphatase, adenosine-5Ј-phosphosulfate (APS) reductase, and bisulfite reductase are responsible for linking electrons produced with sulfate reduction (13) . Unfortunately, the identity of electron carriers involved in lactate and hydrogen metabolism remains elusive and has prompted a few biochemical and molecular studies in recent years in hopes of better defining this process. Voordouw et al. (18) examined the distribution of cytoplasmic and periplasmic hydrogenases for 22 Desulfovibrio species and determined that only the genes for periplasmic [NiFe] hydrogenase were present in all species surveyed. This finding challenged the hydrogen-cycling model, which requires SRB to possess a cytoplasmic hydrogenase (possibly an [NiFeSe] hydrogenase) in addition to a periplasmic hydrogenase. Discovery of the hmc operon in Desulfovibrio vulgaris Hildenborough offered a solution as to how electrons in the periplasm could reach the cytoplasmic sulfate reduction enzymes (14, 15) . By using antibodies to HmcA and HmcF, expression of the hmc operon in D. vulgaris was found to be highest during growth on hydrogen (8) . Deletion of the hmc operon in D. vulgaris (Hildenborough) impaired growth on hydrogen but not that on lactate or pyruvate, confirming the importance of the Hmc complex in electron transport from hydrogen in the periplasm to sulfate in the cytoplasm (4).
This study was originally intended to evaluate the applicability of random arbitrarily primed PCR (RAP-PCR) to environmental bacteria that reduce sulfate, but initial findings led us to probe further into differential expression of SRB redox proteins. We used a combination of RAP-PCR and Northern blotting to identify genes that were differentially transcribed under conditions of growth with either hydrogen or lactate as an electron donor. After the observation that bisulfite reductase was transcribed to higher levels in hydrogen-grown cells than in lactate-grown cells, differential transcription of other known redox proteins, including [NiFe] hydrogenase and HmcA, was characterized by Northern blotting.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Desulfovibrio desulfuricans Essex 6 (freshwater strain) and D. desulfuricans subsp. aestuarii (marine strain) were from the culture collection of Michael McInerney. Desulfovibrio sp. strain ASR was obtained from Bradley Tebo at Scripps Institute. Cells were grown in mineral medium containing 10 mM Na 2 SO 4 , 0.2% yeast extract, 0.0001% resazurin as a redox indicator, and vitamins, minerals, and metals solutions prepared as described by Krumholz et al. (9) . D. desulfuricans subsp. aestuarii was used in RAP-PCR experiments, while Essex 6 and ASR were used in a sulfide production assay. For the marine strains, 342 mM NaCl and 14.76 mM MgCl 2 were added to the mineral medium. Media were prepared using the techniques of Hungate (6) as modified by Balch et al. (1) . The headspace was N 2 -CO 2 (4:1). After boiling and cooling, 42 mM sodium bicarbonate and 1 mM sodium sulfide were added from sterile stock solutions. For comparison of hydrogen versus lactate as an electron donor, 25 mM lactate was added to the medium before autoclaving or 10 ml of H 2 per 10 ml of medium was added to the headspace after autoclaving. Growth curves were determined at 30 and 37°C, with measurements of optical density at 600 nm taken periodically with a spectrophotometer. Sulfide was quantitated with the dimethyl-phenylene diamine assay (3) .
RNA extraction. Total RNA was isolated as described by Shepard and Gilmore (17) , with minor modifications to the procedure. Mid-log-phase cells for D. desulfuricans strain Essex 6 and late log cells for D. desulfuricans subsp. aestuarii were harvested by centrifugation for 5 min at 7,000 ϫ g. The pellet was resuspended in 1 ml of Tri Reagent (Sigma) and transferred to sterile tubes containing 0.5 ml of 100-m-diameter zirconia-silicon beads. Cells were broken in a MiniBeadbeater (Biospec Products) for 1 min. The supernatant was extracted with 300 l of chloroform and placed on ice for 15 min. After centrifugation for 10 min (12,000 ϫ g), nucleic acids in the aqueous phase were precipitated with 750 l of isopropyl alcohol and placed on ice for 10 min. Following centrifugation and a 75% ethanol wash, pellets were resuspended in 200 l of diethyl pyrocarbonate (DEPC)-treated water. Contaminating genomic DNA was removed by addition of 22 l of Multi Core Restriction Enzyme Buffer (Promega) and 5 U of RNase-free DNase (Stratagene) with incubation at 37°C for 15 min. Following this treatment, 500 l of phenol-chloroform-isoamyl alcohol was added and centrifuged (12,000 ϫ g, 10 min). The aqueous phase was removed, and the phenolic phase was extracted a second time with 250 l of DEPC-treated water. After centrifugation, this second aqueous phase was mixed with the first, and RNA was precipitated with 1 ml of 100% ethanol for at least 30 min at Ϫ80°C. RNA was pelleted by centrifugation (12,000 ϫ g, 30 min), washed with 75% ethanol, resuspended in 0.1 mM EDTA, and stored at Ϫ80°C. Integrity of RNA was determined by 0.8% agarose electrophoresis in Tris-borate-EDTA buffer, and the concentration was determined by measuring the A 260 /A 280 ratio spectrophotometrically (16) .
RAP-PCR. RAP-PCR was performed as described by Shepard and Gilmore (17) . For each reaction, 14.5 l containing 1 g of total RNA, diluted in DEPCtreated water when necessary, was heated to 70°C for 10 min and placed on ice. After a 1-min incubation on ice, 2 l of reverse transcription buffer (Fisher), 40 U of RNase Block RNase inhibitor (Stratagene), a 1.25 mM concentration of each deoxynucleoside triphosphate, and a 1.25 M concentration of arbitrary primer (Stratagene) were added. After the contents were mixed, the reaction mixture was held at 37°C for 5 min. After equilibration, 25 U of Moloney murine leukemia virus reverse transcriptase (RT) (Stratagene) was added. First-strand cDNA synthesis occurred at 37°C for 1 h, and then the reaction mixture was heated to 90°C for 5 min to inactivate the RT and placed on ice for 10 min. For second-strand synthesis, 10 l of a 1:10 dilution of first-strand cDNA product was mixed with 39.8 l of standard PCR mix containing Taq buffer without MgCl 2 (Sigma), 3 mM MgCl 2 , a 50 M concentration of each deoxynucleoside triphosphate, 10 Ci of [␣-
33 P]dCTP, and a 1 M concentration of the same arbitrary primer used in first-strand synthesis for a final reaction volume of 50 l. The reaction mixture was heated to 96°C for 10 min following overlay with 50 l of light mineral oil. After incubation at 36°C for 15 min, 1 U of Taq polymerase (Sigma) was added to each reaction mixture. The reaction continued to equilibrate for another 15 min at 36°C, followed by incubation at 72°C for 5 min. For the remaining 39 cycles of PCR, the following parameters were used: 94°C (1 min), 50°C (1 min), 72°C (2 min), and a final extension at 72°C for 10 min. The reaction mixture was stored at 4°C. Products were resolved on a 6% polyacrylamide gel (Life Technologies) prepared in Tris-borate-EDTA buffer and run at 1,500 V until the xylene cyanol dye migrated to the bottom of the gel. The gel was transferred to 3MW paper (Midwest Scientific, Valley Park, Mo.) and dried under vacuum at 70°C for 45 min. The gel was exposed to Kodak BioMax MR film for 12 h at room temperature. Putative differentially transcribed bands were excised from the gel, eluted from the filter paper with elution buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1% sodium dodecyl sulfate), precipitated with 100% ethanol, and resuspended in 10 l of sterile water. The cDNA was then reamplified with the PCR parameters used in second-strand synthesis and resolved on a 6% polyacrylamide gel with the original RAP-PCR product for comparison to ensure that the correct band was isolated. The candidate PCR product was ligated into pCR4-TOPO vector and transformed into chemically competent One Shot TOP10 Escherichia coli (Invitrogen). Plasmid was isolated from 2 ml of liquid cultures of candidate clones grown in Luria broth plus ampicillin (50 g/ml) by using a miniprep plasmid isolation kit (Qiagen) according to the manufacturer's directions. DNA sequencing was carried out at the Oklahoma Medical Research Foundation Core Sequencing Facility. Typically three clones were sequenced per transformation. Candidate inserts ranged in size from 328 to 1,026 bases. GenBank sequence comparison was performed by both nucleotide and protein BLAST searches (19) .
Confirmation of differential gene transcription. RNA probes were prepared from plasmids isolated from RAP-PCR clones. Plasmids were first digested with NotI or PstI to linearize DNA prior to transcription. Linearized DNA (0.2 g) in RNA polymerase buffer (Ambion); 4 mM (each) ATP, CTP, and GTP; and FIG. 1. DNA products derived from RAP-PCR of total RNA from five independent cultures of D. desulfuricans subsp. aestuarii grown with either hydrogen (lanes 1 to 5) or lactate (lanes 6 to 10) as the electron donor. Arrows indicate cDNA products of differentially transcribed mRNA. A paired control reaction without RT in the firststrand synthesis reaction indicated that no differentially transcribed products were derived from contaminating genomic DNA.
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[␣-32 P]UTP was incubated with either T3 DNA-dependent RNA polymerase or T7 DNA-dependent RNA polymerase (depending on orientation) at 37°C for 60 min. RNase-free DNase (1 U) was added and left for an additional 30 min to remove plasmid and template DNAs. The mixture was diluted 20-fold, and unincorporated radiolabeled nucleotide was separated from the probe with a Sephadex G-50 column. At least 10 6 cpm of labeled RNA probe was added to each hybridization mixture. For the RNA blots, 20 g of total RNA from both growth conditions was loaded onto a 1.5% agarose gel containing 15% formaldehyde and 1ϫ MOPS [3-(N-morpholino)propanesulfonic acid]. RNA was electrophoresed for 2 h at 150 V with 0.5ϫ MOPS as the running buffer. The gel was transferred overnight with a Turboblotter to Nytran SuPerCharge nylon membranes according to the directions of the manufacturer (Schleicher and Schuell). The membrane was cross-linked to RNA with UV at 125 mJ/cm 2 for 1 min. The membrane was then exposed to a standard prehybridization buffer for 6 h at 65°C and then to hybridization buffer and probe for 12 h at 65°C. Washings were performed with 1ϫ SSPE (0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]) with 0.1% sodium dodecyl sulfate at room temperature (three times for 5 min each) and at 65°C (three times for 30 min each). Blots were imaged with a Molecular Dynamics Storm PhosphorImager and a Packard Instant Imager.
RESULTS

RNA extraction and RAP-PCR.
The RNA extraction yielded intact RNA which appeared as three bands representing 23S, 16S, and 5S rRNAs following electrophoresis (data not shown).
Random primers A3 and A1 (Stratagene) created several RAP-PCR products that were unique to conditions of growth with either hydrogen or lactate (Fig. 1) . As expected, a majority of bands were shared by both growth conditions. Products which were unique to either condition occurred reproducibly from at least five independent cultures grown with hydrogen and five independent cultures grown with lactate. Products also did not match bands derived from contaminating genomic DNA in the no-RT control reaction (data not shown). When products were first isolated, reamplified, and run on a gel again to verify that the correct band had been removed, several bands of various sizes appeared in each lane, suggesting that nearby contaminating bands had been excised in addition to the band of interest. The correct band, determined by comparison to the original RAP-PCR product mix run in an adjacent lane, was once again isolated from this second gel and used in transformation of competent E. coli cells.
Sequence identification and confirmation of RAP-PCR bands. Table 1 lists results where cDNA showed sequence similarity in GenBank by nucleotide and protein BLAST FIG. 2. Sulfide production in D. desulfuricans subsp. aestuarii throughout the growth curve in mineral medium with 10 mM sulfate added. Growth was monitored spectrophotometrically (optical density at 600 nm [OD 600 ]) with H 2 (s), lactate (}), or neither (᭹) as the electron donorl. Sulfide production was monitored by dimethyl-phenylene diamine assay throughout growth on hydrogen (ᮀ), lactate ({), or neither electron donor (E). Yeast extract (0.2%) was included in all media. To provide further support that the bisulfite reductase gene and perhaps other respiratory protein genes were more highly transcribed during growth on hydrogen than on lactate, sulfide assays were performed over the growth curves of several D. desulfuricans strains. Figure 2 shows that hydrogen-grown D. desulfuricans subsp. aestuarii produced more sulfide relative to cell concentration (determined by optical density measurements) than lactate-grown cells, suggesting that transcription of the bisulfite reductase gene could have been increased, in turn increasing expression of the bisulfite reductase protein. Similar results were observed when sulfide production was monitored over a growth curve for D. desulfuricans strain Essex 6 and Desulfovibrio sp. strain ASR (data not shown). Through these growth curves, yeast extract (0.2%) included in the medium to support growth appeared to serve as an electron donor to a small extent, resulting in the production of some sulfide in the absence of either H 2 or lactate (Fig. 2) .
Northern blotting. In order to confirm differential transcription of genes identified during RAP-PCR, Northern blotting was performed. Total RNA extracts from D. desulfuricans subsp. aestuarii were incubated with a 32 P-labeled RNA probe constructed from the cDNA clone resulting from RAP-PCR. Figure 3 shows the Northern blot for the RAP-PCR band with sequence similarity to dissimilatory bisulfite reductase gene. The results demonstrate that cells grown with hydrogen as the electron donor (lanes 4 to 6) produced higher levels of mRNA for this gene than cells grown without hydrogen. Northern blots also confirmed that malate dehydrogenase, molybdopterin biosynthesis protein, and folate biosynthesis protein (2-amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase) were more highly transcribed under growth conditions with lactate (data not shown). We were not able to confirm differential transcription of F 1 F 0 ATPase and ATP sulfurylase by Northern blotting.
Differential expression of D. desulfuricans strain Essex 6 redox proteins. Differential transcription of bisulfite reductase and growth results showing increased sulfate reduction activity during growth on H 2 led us to examine whether or not mRNAs encoding other proteins involved in redox reactions were also differentially transcribed. Northern blotting was carried out with total RNA isolated from cells grown with either hydrogen or lactate. Probes were synthesized from known gene sequences to strain Essex 6 redox proteins shown in Table 2 . Adenylylsulfate reductase b subunit and HmcA mRNAs were more highly transcribed in hydrogen-grown cells, while mRNA for the small subunit of [NiFe] hydrogenase was more highly transcribed in lactate-grown cells. Flavodoxin was not differentially transcribed under the conditions tested.
DISCUSSION
This study was originally intended to evaluate the applicability of RAP-PCR to environmental bacteria that reduce sulfate. The conditions tested were chosen because we were interested in examining mRNA involved in growth on different electron donors. In the past, biochemical and genetic studies with mutants have provided some insight into how Desulfovibrio species use these as electron donors. Our study shows that several mRNA species involved in either redox reactions or carbon metabolism are differentially transcribed under these conditions. Sequences for malate dehydrogenase have strong similarity to those for lactate dehydrogenase (2, 5, 10) . Since the sequence for the SRB lactate dehydrogenase is not available in GenBank, the RAP-PCR band that was larger in lactategrown cells could be from mRNA encoding lactate dehydrogenase, rather than a malate dehydrogenase. The other proteins more highly transcribed during lactate metabolism may come as a result of using lactate as a carbon source as opposed to the CO 2 or yeast extract components utilized by hydrogen-grown cells. Molybdopterin is a component of molybdenum cofactors that participate in redox reactions (11) , and its increased transcription in lactate-grown cells may come as a result of increased expression of the redox protein for which it serves as a cofactor. Known molybdopterin-containing enzymes in SRB include aldehyde oxidoreductases, formate dehydrogenase, and nitrate reductase (11) . Less-well-characterized molybdenum proteins have been isolated but not classified (11) . The genes for these proteins may or may not represent the gene for the redox protein more highly transcribed in lactate-grown D. desulfuricans subsp. aestuarii. In the yeast Pichia canadensis, molybdopterin biosynthesis was found to branch from the folic acid biosynthetic pathway at dihydrohydroxymethylpterin (7). As molybdopterin biosynthesis likely occurs in a similar manner in D. desulfuricans subsp. aestuarii, increased transcription of genes for folic acid and molybdopterin biosynthesis proteins during growth on lactate may be linked. Increased transcription of the F 1 F 0 ATP synthase and ATP sulfurylase during growth with H 2 could not be confirmed by Northern blot analysis. However, we did confirm that dissimilatory bisulfite reductase and adenylylsulfate reductase are transcribed to higher levels in hydrogen-grown cells. It is likely that ATP sulfurylase, one of the four cytoplasmic enzymes involved in sulfate reduction by an eight-electron transfer, and F 1 F 0 ATPase were differentially transcribed but that the Northern blotting was not effective either because of mRNA instability or because of lack of sensitivity. Transcripts with slight levels of differential transcription that RAP-PCR can detect but Northern blots cannot may require more sensitive techniques, such as real-time PCR, for confirmation.
As a follow-up to our findings with dissimilatory bisulfite reductase, we tested whether other redox proteins would be differentially transcribed under conditions of growth with hydrogen. Sequence information for genes encoding several redox proteins was available for D. desulfuricans strain Essex 6. Specific primer pairs were designed for flavodoxin, HmcA, [NiFe] hydrogenase small subunit, and adenylylsulfate reductase b subunit. We were unable to amplify these sequences from D. desulfuricans subsp. aestuarii genomic DNA but were able to amplify and construct probes from Essex 6 DNA. Because the same phenomenon of increased sulfide production during growth on H 2 versus lactate occurred in Essex 6 as in the marine strain, other redox proteins can be expected to behave in the same manner in D. desulfuricans Essex 6 as in D. desulfuricans subsp. aestuarii. Northern blots with D. desulfuricans Essex 6 RNA demonstrated that not all putative electron transport-related proteins were transcribed to higher levels when hydrogen was used as an electron donor (Table 2) . These results may indicate that certain redox proteins are not involved in hydrogen-or lactate-driven electron transport or that these proteins may not be carrying out rate-limiting reactions. Higher transcription of periplasmic [NiFe] hydrogenase in lactate-grown cells could suggest that this protein plays an important role in metabolism of H 2 or in the production of H 2 by D. desulfuricans Essex 6 from lactate, lending support to the hydrogen-cycling model. HmcA expression to higher levels during growth on H 2 was also demonstrated by Keon et al. (8) through Western blotting.
This study helps in revealing the extent to which different redox proteins play a role in either hydrogen or lactate metabolism. Coupled with previous genetic and biochemical studies, these results may help us come to understand the different pathways employed in the metabolism of lactate or hydrogen in these organisms. From the success of this study, we also feel that RAP-PCR can be applied to other questions of environmental significance, such as the identification of genes that are upregulated in the presence of environmental contaminants.
